Introduction
Many cancer chemotherapy strategies involve drugs that approach the toxicity level to be effective. Because cancerous cells proliferate more rapidly than normal cells, one general chemotherapeutic strategy is to stop the cell-division process by targeting DNA. During cell division, a DNA polymerase reads one strand, which it has separated from the double helix, then synthesizes its complement by relying on Watson-Crick base pairing of an incoming nucleotide triphosphate. Thus, if the two strands cannot be separated, replication is not possible. Reagents that react with DNA have been shown to form both inter-and intrastrand crosslinks as well as interhelix cross-links and DNA-protein cross-links. [1] In general, interstrand cross-links are thought to be the most effective in disrupting this process.
An example of a natural product that cross-links DNA is illustrated in Scheme 1. Moncrotaline (1) is a carcinogenic pyrrolizidine alkaloid isolated from plant material in the pyrroline oxidation state. [2] Upon oxidation by P450 enzymes, the highly reactive pyrrole 2 is formed. [3] This species is the active cross-linker and after two elimination/addition sequences forms the ultimate adduct 3. In addition to pyrrolizidine alkaloids like monocrotoline, other naturally occurring molecules such as mitomycin C metabolites and synthetic molecules that share the reactive pyrrole core of 2, generically represented by 4, have been shown to crosslink DNA. [4] Unfortunately, these compounds (both synthetic and natural) often prove to be too reactive as they have the potential to alkylate a multitude of different chemical species. Toxicity also plagues these compounds because there is no specificity for tumor cells over healthy cells. Anderson, Hopkins, and several other groups, have tried to circumvent the problems of reactivity and stability in water by synthesizing various analogs, but this has met with only limited success. [5] To solve these issues, nature has built in a control element with the P450 enzyme activation of monocrotaline (1) to activate the C-7 and C-9 positions. Chemists have also added their own control elements by modifying natural products to contain groups such as photolabile protecting groups that activate the molecule by deprotection of a reactive functional group. Two elegant examples of this have been reported by Williams in which reactive analogues of the natural products monocrotaline [6] and FR900482 [7] are released after deprotection of a 6-nitroveratryl carbamate (NVOC). This concept retains the natural product-like structure that is responsible for the selective reaction with DNA, but is limited due to the necessity of a natural product starting material. An ideal molecule would be both selective and easily prepared so that the binding could be modified to select target different sequences.
We sought to combine the idea of a reactive pyrrole such as 4 with the notion of a triggering event (e.g., light) that would lead to its generation from a stable starting material. A search of the literature for the photochemical generation of pyrroles revealed several interesting examples.
[8] Maruyama reported that irradiation of a benzene solution of the quinone 5 with a mercury arc lamp produced the hydroquinone 6 (Scheme 2). [8a] An internal redox reaction provided the hydroquinone with concomitant oxidation of the pyrroline moiety to the pyrrole as evidenced by trapping 6 as the diacetate in degassed solutions. In experiments where the solvent was not degassed, the hydroquinone 6 was oxidized to a pyrrole-bearing quinone. Franck reported the production of a pyrrole-bearing quinone from a benzoquinone and a 3-pyrroline, though the potential role of ambient light was not noted.
[8c] Scheme 2. Internal redox reactions of pyrroline-substituted quinones.
With evidence for a photochemically generated pyrrole, we surmised that the quinones 7, with structures similar to 5 except now bearing one or more leaving groups (LG), could provide a platform to explore the preparation of simplified alkylating agents. Recent advances in the use of fiber optics and lasers in medicine [9] make photochemically activated alkylating agents attractive targets because they can be introduced in an inactive form and "turned on" at will. The quinones 7 should not be good alkylating agents until the photochemical redox reaction takes place to afford the pyrroles 4. At this point, the deactivating quinone nucleus has been reduced to an electron-rich hydroquinone, and the pyrroline ring has been oxidized to a pyrrole, making the substitution reactions facile by the intervention of azafulvene intermediates. In addition, the quinones 7 should be easily prepared by conjugate addition of the requisite 3-pyrroline to a quinone ( Figure 1 ). This disconnection should lead to a facile assembly of a diverse array of compounds with varied 3-pyrroline and quinone fragments. Our initial studies to explore the preparation and reactivity of this potential scaffold are reported herein. 
Results and Discussion
To prepare the target compounds, a variety of 3-pyrrolines (e.g., 8-15) was necessary in order to find the best choices for the leaving group and its position on the ring for successful photochemically triggered alkylation chemistry. We examined both mono-and bis(alkylators) (Figure 2) . The 3-substituted pyrrolines were prepared by a ringclosing metathesis (RCM) strategy (Scheme 3). [10] The necessary dienes were prepared in a straightforward manner starting with alkylation of N-Boc-allylamine (16) with commercially available 3-chloro-2-(chloromethyl)-1-propene (17). The chloride was then displaced with acetate in 89 % yield, and both 18 and 19 were cyclized in good yield by using Grubbs' first-generation catalyst [10] without incident.
Scheme 3. Synthesis of 3-substituted-3-pyrrolines by RCM.
To prepare the 2-substituted 3-pyrroline 12, the procedure of Blechert was applied to give 11 [11] starting with the known N-protected vinylglycine 20 [12] (Scheme 4). Re-duction of the methyl ester 20 and formation of the oxazolidinone 22 proceeded in good yield. Hydrolysis and Boc protection then gave the necessary diene 23 in 82 % yield. RCM by using Grubbs' first-generation ruthenium catalyst provided 11 and 12 after acylation.
Scheme 4. Synthesis of 2-substituted-3-pyrrolines 11 and 12.
The necessary disubstituted analogs were prepared in the following manner. N-Boc-vinylglycinol, derived from 21, was protected as its triisopropylsilyl ether (Scheme 5). The second allyl unit was then introduced by alkylation with the allyl chloride 17, and the TIPS group was removed with TBAF in THF, all in good yield. RCM with Grubbs' second generation catalyst [10] provided 28 in 98 % yield and acylation provided the desired 3-pyrroline 13.
Scheme 5. Synthesis of 2,4-disubstituted-3-pyrrolines 28 and 13.
The 3-pyrrolines 14 and 15 were obtained from 29 and 30 in a straightforward manner by reduction and acylation (Scheme 6). The known diesters 29 and 30 were prepared from the corresponding pyrroles by taking advantage of Donohoe's flexible partial reduction method.
With the 3-pyrrolines in hand we next set out to prepare a variety of the target quinones represented by the generic structure 7. Deprotection of the N-Boc groups of the pyrrolines and in situ neutralization of the TFA salts followed by addition of the desired quinone and CuBr proceeded in reasonable yield (Table 1) . [14] This reaction was used to prepare the naphthoquinones 34-41, juglones 42-43, isoquinolinequinones 44-45, and the quinolinequinones 46-50. It is important to note that these reactions were carried out in the absence of light to avoid unwanted redox reactions as the preparation of quinone 5 (Scheme 2) in our laboratories showed that the photochemical reaction proceeds in ambient room light and that the mercury arc lamp reported is unnecessary.
With a good indication that the photochemical redox reaction would proceed (vide supra), the next goal was to optimize the redox reaction and determine if the desired alkylation was possible. To this end, initial NMR-tube experiments were conducted in CDCl 3 as outlined in Scheme 7. It is desirable to avoid the use of a mercury arc lamp to trigger the redox reaction because it would be more convenient to use a sunlamp, but this would also provide less intense irradiation of the reaction. These irradiation conditions were tested, and when quinone 35 was irradiated with a sunlamp in the presence of ethanethiol, only the pyrrole 51 was observed by 1 H NMR spectroscopy. The internal redox reaction to 35a had been successful, but presumably further oxidation by oxygen in the system had occurred instead of the desired alkylation.
It is known that the presence of electronegative substituents on the pyrrole nitrogen atom suppresses the azafulvene mechanism of substitution, which explains why the pyrroloquinones 51 and 52 do not react with ethanethiol. [15] Because the reaction had proceeded rapidly (15 min) and yielded no evidence of the hydroquinone, it was postulated that premature air oxidation of the desired hydroquinone to the quinone oxidation state was preventing alkylation. Experiments with ambient light were carried out with the hope that a less intense light source at lower temperature might lengthen the lifetime of the hydroquinone. Unfortunately, while the quinone 34 underwent the internal redox reaction, the resultant hydroquinone was again oxidized to the quinone 52 before alkylation could occur. Additionally, irradiation of degassed solutions of 34 yielded only intractable mixtures. Fortunately, a combination of a better leaving group and less intense irradiation provided an encouraging result. When the acetate 35 was treated with ethanethiol in the presence of ambient room light, a small amount of the desired alkylated product was isolated along with 53 % of the non-alkylated product 51 (Scheme 8). Moving to a better leaving group, the (chloromethyl)-3-pyrroline 36 gave the desired sulfide 53 in 54 % yield. In both cases, we did not observe the presumed hydroquinone species.
In order to determine whether the proposed hydroquinone-pyrroline intermediate was responsible for the successful alkylation, we carried out several experiments. Con- trol experiments excluding light from the reaction under conditions otherwise identical led to only the observation of the starting materials 35 and 36, demonstrating that no chemistry can occur prior to light activation. To probe the issue of whether the alkylation occurs before or after oxidation of the hydroquinone to the quinone, the 3-pyrroline 36 was oxidized to the pyrrole 54 and exposed to the alkylation reaction conditions (Scheme 9). The pyrrole 54 failed to undergo a significant amount of alkylation (Ͻ10 %) indicating that while 54 may participate in the reaction to some extent that it is likely a minor pathway and that the corresponding hydroquinone is the most likely reactive species. Scheme 9. Control experiment to determine when alkylation occurs. The reaction was next optimized for light source, solvent, time, and additive ( Table 2 ). It was found that the best yield was obtained by using ambient light in chloroform with 2,6-lutidine as an additive to remove HCl generated during the reaction. To provide the best mimic for biological systems, it was hoped that the reaction would function in a polar protic solvent, but unfortunately the use of methanol provided no product.
With these conditions established, alkylation studies with the remaining monoalkylators are outlined in Scheme 10. Alkylation of the naphthoquinone 38 with the electrophilic group in the 2-position proceeded in 86 % yield without any added base. Likewise, alkylation of the quinolinequinones 47 and 48 showed the same trend. The 2-substituted 3-pyrroline reacted substantially better, although it is interesting that the hydroquinone oxidation states of these compounds are stable enough to be isolated without further oxidation to the corresponding quinones, further validating our hypothesis that hydroquinones are involved in the alkylation. The juglone 42 also functioned in the reaction, but the isoquinolinequinones 44 and 45 failed to undergo even the initial internal redox reaction.
Alkylation of the bis(electrophiles) 39, 40, 48, and 49 were studied with hopes that the sequence involving redox, two ionization/alkylation steps, and oxidation to the quinone would be as efficient as the alkylation reactions described in Scheme 10. As outlined in Scheme 11, the chemistry worked as planned, but the products of the reactions employing naphthoquinones 39 and 40 were unusual in that Scheme 11. Light-triggered alkylation reactions of bis(electrophiles).
the hydroquinones 59 and 60 were isolated and characterized. These compounds were found to slowly undergo oxidation to the corresponding quinones, but were characterized in the hydroquinone oxidation state. It was gratifying that these two reactions proceeded in nearly 80 % for each, demonstrating that the designed sequence could be very efficient.
Conclusions
A diverse array of 2-(3-pyrrolin-1-yl)-1,4-naphthoquinones were prepared by Michael addition of the corresponding 3-pyrrolines with the requisite quinones. The reaction was found to be quite general and effective when carried out in the absence of light. The target compounds were observed to undergo an internal redox reaction triggered by ambient room light to generate reactive pyrroles that are then alkylated by ethanethiol. This provides a proof of principle for the potential use of these compounds as photoactivated alkylating agents.
Experimental Section
General: Unless otherwise noted, reactions were carried out under dry nitrogen in flame-dried glassware equipped with tightly fitted rubber septum. Toluene, triethylamine, pyridine, dichloromethane, diethylamine, and diisopropylamine were distilled from powdered calcium hydride. Dimethylformamide (DMF) was distilled at reduced pressure from barium oxide. Tetrahydrofuran (THF) and diethyl ether were distilled under nitrogen from sodium/benzophenone ketyl. Commercial n-butyllithium was titrated with diphenylacetic acid prior to use. Reagents which required preparation according to literature procedures are referenced when described. All other reagents were obtained from Aldrich Chemical Company, and used without further purification. Chromatography refers to liquid chromatography on silica gel. Proton nuclear magnetic resonance ( 1 H NMR) spectra were recorded at 500, 400 or 300 MHz respectively, with Varian Unity INOVA 500, Varian Unity INOVA 400 or Varian Mercury 300 spectrometers. Chemical shifts (δ) are reported in parts per million (ppm) downfield relative to tetramethylsilane (TMS). Coupling constants (J) are reported in Hz. Multiplicities are reported by using the following abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br., broad. 13 C NMR spectra were recorded with a Varian Unity INOVA 400 spectrometer at 100 MHz, and chemical shifts are reported in ppm relative to the carbon resonance of CDCl 3 (δ = 77.06 ppm). Infrared (IR) spectra were obtained with a Perkin Elmer Spectrum BX FT-IR spectrometer at 2.0 cm -1 resolution and are reported in wavenumbers (signal intensity and shape). The following abbreviations are used in describing IR data: w, weak; m, medium; s, strong; br., broad. UV/Vis spectra were recorded with a Shimadzu UV160U spectrophotometer. Routine mass spectrometric data were obtained by using a Hewlett Packard 6890 gas chromatograph equipped with an HP 5973 mass-selective detector (GCMS) by electron impact (EI) at 70 eV. High resolution mass spectral (HRMS) and elemental analyses were performed by the facilities operated by the University of Michigan. (2) 
tert-Butyl

tert-Butyl [2-(Acetoxymethyl)allyl]allylcarbamate (19):
Compound 18 (0.154 g, 0.630 mmol) was dissolved in DMF (1.6 mL), and to the solution was added KOAc (0.068 g, 0.69 mmol). The reaction mixture was heated to 65°C for 3.5 h, cooled to room temp., then diluted with water (10 mL) and diethyl ether (10 mL). The layers were separated, and the organic layer was washed successively with three portions of H 2 O, then brine, dried (MgSO 4 ), and the solvent removed in vacuo to yield 0.155 g (91 %) of a clear colorless oil which was typically used without further purification. An analytically pure sample was obtained by chromatography (5 % EtOAc/ hexanes). R f = 0.16 (10 % EtOAc/hexanes). 1 57 mmol) and methanol (2.9 mL) were mixed to form a cloudy solution. Potassium carbonate (0.079 g, 0.57 mmol) was dissolved in a minimal amount of H 2 O (0.25 mL) and added to the solution. The reaction mixture was stirred for 2.5 h then diluted with H 2 O (ca. 10 mL), and the methanol removed in vacuo. The mixture was extracted with three portions of CH 2 Cl 2 , and the combined organic extracts werer dried (MgSO 4 ). The solvent was removed in vacuo to yield 0.118 g (91 %) of a clear colorless oil which was typically used without further purification. An analytically pure sample was obtained by chromatography (10- 2 Cl 2 (130 mL), and the mixture was heated to reflux. After 16 h, the reaction was not progressing so an additional portion of the catalyst (60 mg, 73 µmol) was added. The reaction's progression had stopped again after 24 h, and another portion of the catalyst (60 mg, 73 µmol) was added. After a total of 3 d, the mixture was cooled to room temp., opened to air for 24 h, and then concentrated. The residue was chromatographed (5 % to 20 % ethyl acetate/hexanes, gradient) to yield 1.34 g (88 %) of the title compound. R f = 0.13 ( 
tert-Butyl 2-(Acetoxymethyl)-2,5-dihydropyrrole-1-carbamate (12):
Acetic anhydride (0.161 mL, 1.71 mmol) was added to tert-butyl 2-(hydroxymethyl)-2,5-dihydropyrrole-1-carboxylate (11) (0.113 g, 0.57 mmol) in CH 2 Cl 2 (12 mL), followed by the addition of 4-(dimethylamino)pyridine (0.209 g, 1.71 mmol). After 16 h, the mixture was diluted with ethyl acetate, washed (saturated NaHCO 3 , then brine), dried (Na 2 SO 4 ), and concentrated. The residue was chromatographed (10 % ethyl acetate/hexanes) to yield 0.133 g (96 %) of the title compound. R f = 0.12 (10 % ethyl acetate/hexanes 2-(Acetoxymethyl)-4-(chloromethyl)-2 ,5-dihydropyrrole-1-carbamate (13): Acetic anhydride (0.164 mL, 1.74 mmol) was added to 28 (0.145 g, 0.580 mmol) in CH 2 Cl 2 (12 mL), followed by the addition of 4-(dimethylamino)pyridine (0.212 g, 1.74 mmol). After 1.5 h, the mixture was diluted with ethyl acetate, washed (saturated NaHCO 3 , then brine), dried (Na 2 SO 4 ), and concentrated. The residue was chromatographed (10 % to 20 % ethyl acetate/hexanes, gradient) to yield 0.143 g (85 %) of the title compound. R f = 0.32 ( 
tert-Butyl
tert-Butyl (2R*,5S*)-2,5-Bis(acetoxymethyl)-2,5-dihydropyrrole-1-carbamate (14):
The ester 29 [13] (0.147 g, 0.515 mmol) in THF (1.25 mL) was added slowly to LiBH 4 (33.7 mg, 1.54 mmol) in THF (3.75 mL). After 1 h, 1  HCl (4 mL) was added dropwise, and the mixture was extracted with ethyl acetate, dried (MgSO 4 ), and concentrated. The residue was dissolved in CH 2 Cl 2 (10 mL), and acetic anhydride (0.243 mL, 2.57 mmol) and 4-(dimethylamino)pyridine (0.189 g, 1.54 mmol) were added in succession. After 2 h, the mixture was diluted with ethyl acetate, washed (saturated NaHCO 3 , then brine), dried (Na 2 SO 4 ), and concentrated. 275 mmol) was dissolved in pyridine (1 mL) in a flask wrapped in aluminum foil (to protect the contents from light). The solution was cooled in an ice bath, and acetic anhydride (0.2800 g, 2.77 mmol) was added. After 5 min, the bath was removed and stirring continued for 4 h. The reaction mixture was then diluted with EtOAc (ca. 10 mL) and aqueous NaOH (10 mL of a 15 % w/v solution). The layers were then separated, and the organic layer was washed with NaOH solution (20 mL), followed by H 2 O (2ϫ 20 mL). The extract was dried (MgSO 4 
2-[2-(Acetoxymethyl)-2,5-dihydropyrrol-1-yl]-1,4-naphthoquinone (38):
Trifluoroacetic acid (123 µL, 1.6 mmol) was added to 12 (39.7 mg, 0.160 mmol) in CH 2 Cl 2 (2 mL). After 2 h, the mixture was concentrated and exposed to high vacuum for 1 h. The residue was dissolved in THF (2 mL), and triethylamine (24.5 µL, 0.176 mmol) was added. After 10 min, this mixture was added to 1,4-naphthoquinone (25.3 mg, 0.160 mmol) and copper(I) bromide 
2-(3-
Pyrrolin-1-yl)-1,4-naphthoquinones: Photoactivated Alkylating Agents
2-[2-(Acetoxymethyl)-4-(chloromethyl)-2,5-dihydropyrrol-1-yl]-1,4-naphthoquinone (39):
Trifluoroacetic acid (0.185 mL, 2.40 mmol) was added to 13 (69.5 mg, 0.240 mmol) in CH 2 Cl 2 (2.5 mL). After 3 h, the mixture was concentrated and exposed to high vacuum for 1 h. The residue was dissolved in THF (2.5 mL), and triethylamine (36.8 µL, 0.264 mmol) was added. After 10 min, this mixture was added to 1,4-naphthoquinone (37.9 mg, 0.240 mmol) and copper(I) bromide (6.9 mg, 48 µmol) in THF (1 mL 
2-{3-[(Ethylsulfanyl)methyl]pyrrol-1-yl}-1,4-naphthoquinone (53):
Ethanethiol (24 µL, 0.32 mmol) was added to 36 (8.80 mg, 32.0 µmol) and 2,6-lutidine (3.7 µL, 32 µmol) in chloroform (2 mL). After being exposed to ambient light and open to air for 2 d, there was no 36 remaining so the mixture was adsorbed on silica gel, while the solvent was removed in a rotavapor, and chromatographed (10 % to 20 % ethyl acetate/hexanes, gradient) to yield 6.0 mg (63 %) of the title compound. R f = 0.34 (20 % ethyl acetate/ hexanes). IR (neat): ν = 1679 (s), 1646 (s) cm 
2-{2-[(Ethylsulfanyl)methyl]pyrrol-1-yl}-1,4-naphthoquinone (55):
Ethanethiol (26 µL, 0.35 mmol) was added to 38 (10.3 mg, 35.0 µmol) in chloroform (3 mL). After being exposed to ambient light and open to air for 24 h, there was no 38 remaining so the mixture was adsorbed on silica gel, while the solvent was removed in a rotavapor, and chromatographed (10 % to 20 % ethyl acetate/ hexanes, gradient) to yield a mixture of quinone and hydroquinone products. The mixture was dissolved in CH 2 Cl 2 , and silica gel was added. After stirring for 2 h, the only product present was the quinone product. 
